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CAVITATION DAMAGE IN 
LIQUID METALS 

Report of Progress 
f o r  t he  Period 

2 July - 2 October 1963 

SUMMARY: 

During the  current  period, a cont rac t  was l e t  t o  S. Blickman, 

Inc. i n  Weehauken, N. J. fo r  t h e  f ab r i ca t ion  and I n s t a l l a t i o n  of 

the ~ ~ c - c m  d r y  bcx for cavi ta t ion  damage testing of r e f r ac to ry  
metals a t  high temperature. Detai led shop drawings have been 

completed and f ab r i ca t ion  I s  underway. All assoc ia ted  a u x i l i a r y  
systems such a s  cooling, cover gas, sodium s torage  and charging 

and e l e c t r i c a l  instrumentation have been designed and are i n  
process of f ab r i ca t ion  o r  procurement. It is planned t o  discuss  
the test  f a c i l i t y  i n  d e t a i l  In the  next r epor t  a t  which t i m e  l n -  
s t a l l a t i o n  and check-out should be completed. 

Further  experiments were performed t o  determine the e f f e c t  
of specimen diameter on damage r a t e  In the magnetostr ic t ion de- 

vice.  The results I n d i c a t e t h a t  t h e  damage r a t e  va r i e s  a8 the square 
of the diameter within the limits tested; h o w e v e r  the intensity 

- 

of damage l a  Independent of diameter. 

of damage t o  be compared for f l a t  specimens of any diameter from 

318'' t o  718" i n  size. 

These data  p e t  r a t e s  

A series of experiments w e r e  performed on commercially pure 

iron (Ferrovac-E) and Tltanium ( 1 0 0 - A )  to determine the effects 
of' t i m e ,  amplitude and temperature on the rate of cavitation 
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damage i n  l l qu ld  sodium. It is shown that the damage r a t e  f o r  

i r o n  a t  400°F and 700°F and T I  a t  400°F var i e s  with test  durat ion 
following the cha rac t e r i s t i c  p a t t e r n  of four  zones of damage d i s -  

cussed i n  t h e  e a r l i e r  Progress Report 235-4. 

Amplitude s tud ie s  made on pure i r o n  a t  400°F show t h a t  i n  
the s teady s t a t e  zone t he  amplitude var ies  a s  a funct ion of t h e  

four th  power but a t  higher temperatures such as 7OO0P, t h e  damage 
varied considerably less than the fou r th  power. The data a r e  i n -  
conclusive, however, since a t  the  higher temperature the  threaded 
s tud of the specimm- shamed off ~ ~ ~ - i r i g  A * -  each test. 

me e f f e c t  of temperature on the damage r a t e  was determined 
for t i tanium a t  a constant amplitude. 

creased with increasing temperature u n t i l  a maximum of 800'~ and 

then decreased w i t h  increasing temperature t o  1000°P. Consider- 
able s c a t t e r  w 8 8  observed In these experiments. A d e t a i l e d  a s -  
cussion of these data and other data a r e  included i n  the  body of 

this report. 

The r a t e  of damage ln- 

Some preliminary f a t igue  tests were conducted a t h  a 1020 

steel specimen In l i q u i d  sodium a t  300OF. 
a typical S-H curve can be obtained by means of a comparatively 
new high frequency vibratory technique. 
dlscussed in deta i l  In the body of this report. 

The r e s u l t s  show that  

The testing method I s  

_EFFECT OF SPECIMEN DIAMETER ON CAVITATZON DAXAGE RATE 
( a )  Procedure: 

A series of Plat Alurninum 1100-P 8pecIrPens w e e  

prepared varying in diameter f'rom 1/4" t o  1" i n  lncrelaenrts of 

118". 
- 

All buttons were cavitated In the magnetostr ic t ion device 
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i n  distilled water a t  80'~ u n t i l  the s teady zone was reached, 
The amplitude was held constant a t  1 x Inches (25.4~ ). 
The frequency was maintained approximately constant  a t  16 kcs. 

The var i a t ion  i n  specimen weight necess i ta ted  the adjustment of 

the horn rod length t o  compensate f o r  minor s h i f t s  In the  

resonant f'requency of the system. 

(b) Observations: 

The r a t e  of weight loss i n  the steady zone was com- 

puted as a funct ion of specimen diameter and was found t o  vary 
a s  the square of the  diameter. This I s  shown on Figure 1 where 
the r a t e  of w e i g h t  loss, plot ted aga ins t  resul ts  i n  

a linear re la t ionship .  The appearance of the su r face  of specimens 

a t  t h e  conclusion of the test a r e  Il lustrated I n  Figure 2. All 

of t h e  specimens were roughened uniformly with deep c r a t e r s  char- 
a c t e r i s t i c  of the s teady  zone. Further spot  checks were made 

w i t h  several of the specimens cavl ta ted a t  d l f f e r e n t  amplitudes. 

The r a t e  of w e i g h t  loss for a specimen of given diameter wa8 
found t o  vary a s  the  square of the amplitude as would be ex- 
pected from previous work (4) .  It should be  noted t h a t  each 
specimen, regardless of  diameter, had a peripheral ~ l a z  of no 
damage of 8 constant width of approximately 1/16''. aiirrr pht- 
nomenon overahadowed the remaining cavitated area on the 1/4" 
diameter specimen 80 88 to make weight 1068 correlation ia- 
practical for this size specimen. Also, d i f f i c u l t y  was expel -  

enced i n  achieving stability with the 1" diameter specimen, The 
large overhang cauaed excessive strain a t  the threaded stud of 

the specimen resulting i n  cracks. 
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( c )  Discussion: 

The r a t e  of weight loss due t o  cav i t a t ion  damage i n  
t h e  s teady s t a t e  zone a t  a given amplitude and frequency i s  d i -  

r e c t l y  proport ional  t o  t h e  square of the diameter of the specimen 

within t h e  limits of  3/8 t o  7,8 inch diameter for f l a t  specimens. 

The r a t e  of volume l o s s  is divided by the area of t h e  specimen 
(rd2 4 )  and this value was found t o  be independent of the  specimen 

diameter as shown i n  Figure 3. This r e s u l t  leads t o  an i n t e r e s t i n g  
conclusion t h a t  t he  i n t e n s i t y  of  cav i t a t ion  damage i s  independent 

cf the specisen diameter w i t b ~ n  t h e  r a q e  tested, in t h e  esse ef 

magnetostr ic t ion apparatus, i n  the s teady s t a t e  zone ( t h e  i n t e n s i t y  
being as defined i n  Reference 10). 

It is believed t h a t  this r e s u l t  might be usefu l  i n  cor- 
r e l a t i n g  damage r a t e s  f r o m  specimens o ther  than the colmponly 
used 5,8 inch diameter ones, s ince  the  bar  s tock  mater ia l  of 

t h i s  p a r t i c u l a r  s i z e  may not be ava i l ab le  in some cases. 

- Experimental Procedure for Sodium T e s t s  

All l i q u i d  sodium tests were performed i n  the i n e r t  atmosphere 
magnetostr ic t ion apparatus described i n  previous reports. 
series of experiments however, a cold trap was Installed in the 

bottom of' the  retort which a180  served aa a dra in  line. The 
arrangement l a  shown i n  Figure 4. 
a t  250°F o r  less throughout the experiments. Solid sodium bricks 

(Dupont-regular graUe) were m e l t e d  down in the retort and were 

8kimed of any sur face  oxides by m e a n s  of B screen mesh ladle. 
The oxide contaraimtion wab kept t o  a minimum by continuous _cold 

trapping. No sodium sampling ooas made. All temeratures wme 

maintained constant t o  f20'F. 

In this 

The cold trap was umintaineU 

All w e i g h t  losaes were m e a s u r e d  
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t o  the nea res t  0.1 

alcohol  and drying 

rng a f t e r  cleaning the specimen i n  methyl 

by heating I n  an alcohol  flame. A 1 1  weight 

losses determined a s  a f i n c t i o n  of amplitude o r  temperature 
were made after  the specimen reached the steady zone s t a t e .  

EFF’ECT OF TIME ON CAVITATION DAMAGE RATE 

( a )  Observations: 

Cavi ta t ion damage r a t e s  a s  ti funct ion of t i m e  were 

determined f o r  pure i r o n  (Crucible, Ferrovac E) a t  temperatures 
of &GO and TOGOF arid f o r  Titanium ~ F ~ C W ,  iooAj ai; 4uu F. 
o s c i l l a t i o n  double amplitude f o r  t he  i r o n  specimen was held a t  
1.5 mils (38 q) and for Titanium 1.8 mils (45.7 p) w i t h  a resonant  

f’requency of14.9 and 15.5 kcs respec t ive ly .  Weight losses were 
taken per iod ica l ly  for each specimen and the r a t e  of weight loss 

during each time i n t e r v a l  I s  p lo t t ed  over the t e s t  durat ions as 
shown i n  Figures 5 and 6 .  It is  c l e a r l y  d i s c e r n i b l e  t h a t  the 
curves follow the c h a r a c t e r i s t i c  damage pattern observed by 

aluminum and other metals i n  tap water as  shown i n  Figure 7, and 

as described i n  the previous report (1). 

- -0- Tne 

The similar appearance of the i ron  apecimen in sodlum a t  
700°F In the incubation, accuenrlatlon, attmtuatian and steady 

a t a t e  zones to that of alumlnum i n  tap w a t e r  are shown by corn- 
paring Figurea 8 and 9 which show progressive damage plotted i n  
t h e  corresponding curves 5 and 7 respec t ive ly .  

made to get the damage rate curve for i r o n  a t  higher temperatures. 
However, during the tests the button kept shearing off a t  the 
threada and therefore this phase of the experiment was suspended 
t m r a  ri 1 y . 

An attempt was 
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As can be  seen from Figures 5 and 7, the r a t e  of damage 

of i r o n  i n  l i q u i d  sodium a t  70O0F i n  a l l  the  zones is i n  the  

same order  of magnitude 88 t h a t  of alurnlnum i n  t ap  water. 
However, f o r  a more accurate  comparison, the d i f fe rences  i n  
amplitude must be taken i n t o  consideration. It is  I n t e r e s t i n g  
t o  note  that the re  i s  p rac t i ca l ly  no e x i s t e n c e ,  of an incubation 
zone for either i ron  i n  l i q u i d  aodium o r  aluminum i n  t ap  water 
a t  the p a r t i c u l a r  amplitudes selected.  

F igu re  5 shows c l e a r l y  the i n t e r a c t i o n  of t i m e  on cav i t a t ion  
damage r a t e s  of i r o n  i n  1Iq l l l r l  snd-lum a t  two t m p e r a t w e s .  It 

i s  p rec i se ly  because of this anomalous behavior i n  t h e  var ious 
zones of damage t h a t  meaningful comparisons a r e  only poss ib le  
a t  present ,  i n  the s t e a d y  zone. 

The damage r a t e  of TI-1OOA a s  p lo t t ed  i n  Figure 6 shows 
p r a c t i c a l l y  no incubation t i m e ,  wi th  accumulation r a t e s  beginning 

almost instantaneously.  The maximum r a t e  of weight loss f o r  

t i t an ium compared t o  i ron  under near ly  constant condi t ions of 

amplitude, frequency and temperature i s  0.67 mg/min t o  2.7 mg/min 

respect ively.  This maximum I s  reached a f t e r  a much longer ac- 

cumulation t i m e  for t i tanium and the  w e i g h t  loss i n  the steady 

zone a f t e r  TOO minutes of t e s t  dura t ion  is 0.26 mg/min , much 

lower than that observed f o r  i r o n  (0.68 mg/min) under similar 
t e s t  conditions.  

(b) Discussion: 

The mater ia l s  for t h i s  series of experiments, pure 
I ron  and t i tanium, were selected on the basis of their  good 

s t a t i c  corrosion r e s i s t a n c e  t o  l i q u i d  aodlum 88 repor ted  I n  t h e  



HYDRONAUTICS, Incorporated 

-7- 

l i t e r a t u r e  (2)(3). The behavior of these materials i n  l i q u i d  

sodium ( i n  the absense of subs t an t i a l  corrosion e f f e c t s )  ex- 
h i b i t i n g  c h a r a c t e r i s t i c  cav i t a t ion  damage zones as observed 

f o r  a great v a r i e t y  of  materials i n  water, should allow s i m i l a r  

empirical  mathematical analysis  and treatment f o r  r e l a t i n g  the  

maJor parameters a f f e c t i n g  the rate of c a v i t a t i o n  damage. Fur- 

t h e r  confirmatory data a r e  needed f o r  s eve ra l  o the r  mater ia l s  
before  t h i s  approach can be followed. I t  is  evident from t h e  

s t a r t  however t h a t  the temperature a f f e c t  is one of t h e  more 
c r i t i c z l  pEira-,eters GffzctfEg c a v i t a t i o n  damge r a t e .  It 3s 

reasonable that t h i s  is so, inasmuch as temperature w i l l  a f f e c t  

bubble formation and col lapse and energy, t r a n s f e r  and absorption. 
Temperature will a l s o  a f f e c t  the chemical r e a c t i v i t y  of t he  

sodium and i t 8  contaminants, w i t h  mater ia l s  under consideration. 

Lastly,  temperature will a f f e c t  the  physical and mechanical 

p rope r t i e s  of the mater ia l ,  e spec ia l ly  i t s  s t r a i n  energy. 

EFFECT OF AMPLITUDE ON CAVITATION DAMAGE-RATE 

(a ) Obs erva t ions : 
Pure i r o n ,  a f t e r  reaching the s teady  zone, was tested 

i n  the magnetostr ic t ion device a t  var ious amplitudes w i t h  

frequency (14.9 kcs) and temperature held constant.  Weight losses 
were taken on the same specimen a t  a selected amplitude. Several  

runs were made a t  4OO0P and 700°F. Considerable s c a t t e r  was ob- 
served for  the 7OO0P run. The everage values of r a t e  of weight 

loss a s  a funct ion of amplitude a r e  p lo t t ed  i n  Figure 10. As 

can be seen i n  this figure, the damage r a t e  va r i e s  a s  the fou r th  
power of the amplitude for the 400'F sodium but appears t o  have 
a marked change of s lope  a t  the higher temperature. Unfortu- 

na te ly ,  because of specimen breakage dur ing  the experiment it was 
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not  poss ib le  t o  def ine  the s lope of the 7OO0F curve accurately.  

(b) Discussion: 

It has been determined experimentally f o r  severa l  

mater ia l s  t h a t  the  r a t e  of weight l o s s  va r i e s  a s  t he  square of 
the  amplitode i n  t h e  s teady zone, when cav i t a t ing  a specimen i n  

water m i n g  a magnetostriction device ( 4 ) .  This r e l a t i o n s h i p  
i s  shown i n  Figure 11. 

It appears t h a t  i n  sodium the r a t e  of weight loss varies 

t o  some power o f  amplitude, not necessar i ly  the second power. 

Temperatwe seems t o  i n t e r a c t  with amplitude i n  determining t h e  

r a t e  of' c av i t a t ion  damage. Unti l  f u r t h e r  experiments a r e  per- 

formed no conclusion can be drawn on t h e  effect  of amplitude on 

t h e  damage r a t e  i n  l i q u i d  sodium. 

EFFECT O F  TIB'IPERATURE ON CAVITATION DAMAGE RATE 

( a )  Observations: 

- Since the  pure i ron spezimens cons is ten t ly  f a i l e d  
(shearing of  the  threaded stud) a t  temperatures of 70C1°F, i t  

was only f e a s i b l e  t o  determine the c a v i t a t i o n  damage r a t e  of 

t i tanium over a considerable temperature range ( lOOOoP)  a t  a 

constant  frequency (15.5 kcs) and amplitude (45.7 w ) .  The 

specimen a f t e r  reaching t h e  s teady zone was run for periods 
of one t o  two hours a t  a constant temperature. Several  runs 

were made a t  each temperature with considerable scat te r  observed. 
However, a f t e r  s eve ra l  tries the curve i n  Figure 12 was obtained. 
It is  indica ted  from t h e  curve t h a t  the r a t e  of w e i g h t  loss ln -  

creases  with increas ing  temperature u n t i l  a maximum a t  80OoP and 
then decrease8 markedly beyond t h i s  temperature. 
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(b) Discussion: 

The behavior of a given mater ia l  i n  a cav i t a t ing  
environment a s  a f m c t i o n  of' temperature i s  d i f f i c u l t  t o  pre- 

d i c t  o r  explain on t h e  bas i s  of one curve. 
many parameters a r e  a f f ec t ed  by temperature and the re fo re  these 

w i l l  have t o  be s ingled out  and s tudied  before a r a t i o n a l  a n a l -  

y s i s  can be attempted. I n  the case o f  t i tanium, i t  i s  believed 

t h a t  the  stress rupture  cha rac t e r i s t i c s  and oxide contamination, 
as funct ions o f  temperature, play s i g n i f i c a n t  r o l e s  i n  the  damage 

process. 

It is  obvious t h a t  

It i s  q u i t e  c l e a r  from the above f e w  experiments t h a t  con- 

s ide rab ly  more data  a r e  needed before  some genera l iza t ions  can 

be made. Work w i l l  continue with t i tanium and i ron ,  i n  addi t ion  

t o  pure nickel ,  316 ss, Inconel 600 f o r  t h e  next series of tests. 

Preliminary Fatigue Studies  

I n  t he  magnetostriction cav i t a t ion  damage s tud ie s  there 

appears a period of t i m e  during exposure i n  which no damage 

occurs.  This e f f e c t  has been termed "incubation t i m e "  and i t  

has been suggested by L e i t h ( 5 )  that this  phenomenon Is r e l a t e d  

t o  corrosion f a t igue .  
the f a t i g u e  proper t ies  of a mater ia l  a f f e c t s  t h e  cav i t a t ion  

damage process. 

O f  d i rect  i n t e r e s t  i n  t h i s  program i s  how 

Prac t i ca l ly  no data  a r e  a v a i l a b l e  i n  the lit- 

e r a t u r e  on f a t i g u e  i n  l iqu id  sodium a t  high temperature (6) .  
For the  p a s t  several months i nves t iga t ions  have been made of 

an acce lera ted  f a t igue  t e s t ing  method conducted a t  frequencies 
corresponding t o  those  used i n  t h e  magnetostriction device 

(7)(8). 
ra tes  a r e  of the order of those encountered i n  the  cav i t a t ion  

The method appears i d e a l l y  s u i t e d  s i n c e  the s t r a i n  

- 



HYDRONAWICS ;, Incorporated 

-10- 

damage process under s tudy.  I n  add i t ion , the  r a p i d i t y  of t he  

t e s t  permits extensive s tudies  t o  b e  made. 
s t ress ing; ,  the  l imi t ing  number of cycles,  set a t  10 8 , can be 

achieved i n  two hours. 

A t  15 kcs cyc l i ca l  

The specimen se lec ted  f o r  t h e  fatlg1Ae s t u d i e s  i s  shown 

i n  Figure 13. 
specimen i s  a s  follows (9) .  
wave equation for t he  wave t r a v e l l i n g  i n  a stepped cy l ind r i ca l  
rod with diameter dr, over a length 1, and diameter d over a 

length A is  glven by 

The bas i s  of design of  t h i s  type of fatigue 
The so lu t ion  of  t h e  one dimensional 

2 

2 

t a n  kl + p t a n  k,4 = 0 
1 2 

where 2 d 
1 . p = -  ' K = -  
d2 

27rf 
C 

2 

f = frequency 

c = ve loc i ty  of sound cn the  material. 

The so lu t ion  of Equation [l] is  obtained graphica l ly  a s  shown 
In Figure 14. Since an abrupt change i n  the diameters would 

produce stress concentrations, a smooth tapered t r a n s i t i o n  i s  

provided. The altered length 1 due t o  t h i s  t r a n s i t i o n  is ex- 
2 

perimentai ly  determlned by adjus t ing  the length. 

The specimen was ca l ibra ted  by measuring the displacement 

amplitude along t he  specimen by means of 8 microscope and by 
p l o t t i n g  the amplitude as  a function of  the longi tudina l  d i s t ance  

as shown in Figure 15. The slope of th is  curve gives  the strain 
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along t he  longi tudinal  a x i s  of t h e  specimen and the maxlmurn 

s t r a i n  i s  d i r e c t l y  proportional t o  the vol tage developed i n  a 
p ick  up c o i l  located above the f a t i g u e  specimen a s  shown i n  

Figure 16. 
value of the s t r a i n ,  and t h e  ca lcu la ted  value ( the  ca l cu la t ion  
being made on the assumption that a pure s i n e  wave t r a v e l s  along 

a uniform rod) .  The measured value i s  about 0.87 times the  ca l -  
cu la ted  value because of t he  d i s t o r t i o n  of t he  wave due t o  t h e  
taper .  There a r e  a f e w  l imi t a t ions  t o  t h i s  ca l ibra t ion :  

Figure 17 shows the r e l a t i o n s h i p  between the  measured 

1. Reproducibil i ty of specimen geometry and cont ro l  
of su r face  roughness while machining. 

2. Effect  of high temperature environment I n  the case  
of sodium experiments. 

l i m i t a t i o n s .  
A t t e m p t s  a r e  being made t o  overcome these 

Using the techniques described above a series of 1020 m i l d  

steel specimens was v ibrated  i n  l i q u i d  sodium a t  300°F. Each 
po in t  (H) p lo t t ed  i n  Figure 18 represents  the f a t i g u e  f a i l u r e  

of a s i n g l e  specimen a t  a given stress a f t e r  the elapse of the 

corresponding number of  cycles of a l t e r n a t e  s t r e s s ing .  Data for  

mild steel i n  distilled water using the same method is  included 

f o r  add i t iona l  information. Pigure 19 shows t h e  f a i l u r e  of a 
t y p i c a l  f a t i g u e  specimen I n  sodium. 

Mscusslon: 

- 

These prellmlnary t e s t a  show that the method is s u i t a b l e  
f o r  obtaining S-N curve8 a t  high frequency. 

came available and a8 the technique i s  re f ined ,  I t  is expected 
As mre data be- - 
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t h a t  a r a t i o n a l  ana lys i s  of the r o l e  of f a t i g u e  i n  the  cav i t a t ion  

damage process can be obtained. Important questions of t h e  ef- 

f e c t  of frequency, temperature and corrosion on f a t i g u e  behavior 

will be  s tudied.  

Refractory Metals Dr,Tbox F a c i l i t y  

The new re f r ac to ry  metals drybox is present ly  being f a b r i -  
cated bg- S. Blislcman, Inc.  The f a c i l i t y  w i l l  i nc lude  means f o r  

evacuation of t he  drybox t o  2.5 microns and b a c k f i l l  wi th  argon 
':p t o  f psi:= The drybox w i l l  have a f a l s e  bottom f o r  water 
cooling and contain an elevat ing mechanism f o r  c a l i b r a t i o n  and 
operat ion of t h e  magnetostriction apparatus.  

and p u r i f i c a t l o n  loop w i l l  be incorporated i n t o  the  system f o r  
ease of  handling. Instrumentation f o r  monitoring moisture and 

0 contamination of the  cover gas w i l l  be provided. 
i s  scheduled f o r  de l ivery  in January 1964. 
of the  f a c i l i t y  and i t s  ca l ib ra t ion  w i l l  be included i n  the next 
progress repor t .  

A sodium t r a n s f e r  

The drybox 
2 

A complete descr ip t ion  

PLANS FOR NEXT PERIOD 

1. Determine e f f e c t  of sur face  roughness on cav i t a t ion  

damage r a t e .  
2 ,  Continue experiments with pure i ron ,  t i tanium, n icke l ,  

Inconel and 316 ss on the e f f ec t s  of tlme.amplitude, temperature 

and frequency on the cav i t a t ion  damage process. 
3 .  Continue f a t i g u e  t e s t s  on the above mater ia ls .  
4 I n s t a l l  and calibrate new r e f r a c t o r y  metals drybox 

f a c i l i t y  . 



HYDRONAUTICS, Incorporated 

t 

-13- 

REFERENCES 

1. 

2. 

3.  

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Cavitat ion Damage i n  Liquid Metals, Progress Report 235-4 
HYDRONAUTICS, Incorporated, Apri l  1963. 

Amateau, M. F., "The ETfect of Molten Alkal i  Metals on 
Containment Netals and Alloys a t  High Temperatures, I '  

D M I C  Report 169, B a t t e l l  Nernorial I n s t i t u t e ,  Columbus 1, 
Ohio, May 28, 1962. 

Liquid Metals Handbook, Sodium (Nak) Supplement, Atomic 
Ehersy Commission and the Bireau of Ships ,  Department of 
the  Navy, Third Edition, June 1355, p. 178. 

Thiruvengadam, A .  , and Prelser: H. S.> "On Testing Materials 
f o r  Cavi ta t ion Damage Resistance, " HYDRONAUTICS, Incorporated 
Technical Report 233-3, October 1953. 

Leith,  W. C . ,  and Thompson, A.  L., "Some Corrosion Effects 
I n  Accelerated Cavitation Damage, ' I  Journal of Basic 
Engineering, Trans. ASME, Se r i e s  D, V o l .  82, 1960. 

Liquid  Metals Handbook, Sodium (Nak) Supplement, Atomic 
Energy Commission and the Bureau sf Ships, Department of  
the Navy, Thi rd  E d i t i o n ,  J u n e  1955, p.  166. 

Neppiras, E. A . ,  "Techniques and Equipment f o r  Fat igue 
T e s t i n g  a t  Very High Frequencies," Proc. ASTM, V o l .  59, 
1959. 

Mason, W. P., Jour. Acoustic SOC. Am., V o l .  28, No. 6 ,  
1956, 

Tanaka, S., "Ultrasonic Fat igue Testing," Rep. Inst,  High 
Sp. Mech., Japan, V o l .  13 (1961,,1962), No. 129. 

Thlruvengadam, A. , "A Comparative Evaluation of Cavi ta t ion 
Damage Test-Devices, " Technical Report 233-2, HYDRONAUTICS, 
Incorporated.  November 1963. 



- 

H Y D R ON AU T IC S , i N CO RPOR AT ED 

0 
c - 
U 

I 
? ? ?  
L 

t 
0)  

Q) 

0 
E 

n 
-- 

Q 
v, 

v) 
v) 
0 
J 
c 

Y- 
O 

a, 



HY DRON AU T I C S , I N COR P 0 RAT E D 

. .  

MATERIAL .' AI-1100-F 
DIAMETER.' 5': 7s ' I  

LlOUID.' Distilled iniater, 80OF 

STEADY ZONE CAVITATION DAMAGE PATTERN FOR VARIOUS 
DIAMETERS 

Figure 2 



03 
0 

~~ 

HYDRONAUTICS, I' 

-4-1 
j I 

I 
I I 

(9 
0 

* 
0 

N 
0 

0 



1 

HYDRONAUTICS, INCORPORATED 

! *  
=ml / 
k 

COLD TRAP ASSEMBLY 

Figure 4 

. .  
1 



I i 

I I = 0’ 

~ 

H Y DRON AUTICS, INCORPORATED 

In 
0 

O0 



HYDRO N AUT I C S , INCORPORATED 

c 

0 

0 
(s, 
0 

0 

C 

T 
0 

C 

0 

cu 
0 

0 
0 cn 

0 
0 
00 

0 
0 
F 

0 
0 a 

0 
0 
Lo 

0 
0 
Kf- 

0 
0 
rr) 

0 
0 
(u 

0 
0 - 

C -- 
E 
1 
t 
v 

Q) 

E _- 
I- 

_- E 
I- 

Y- 
O 

c 
0 _- 
c 
0 

LL 

0 

v) 
0 

c 
1J 

0 
c 
U 

LT 
Q) 
c), 

E 
0 
n 

I 
(s, 

L L  



I 

~~ ~~~~~ 

HYDRONAUTICS, INCORPORATED 

0 
rc) 

c 
0 

0 
c 
3 
LL 

0 

v, 
U 

.- 
c 

E A  
I +  
@ 6  E -- 

O K s  
+ N 
0 

n 

3 



H Y D R 0 N AU T I C S , 1 N C OR P OR AT E D 

PROGRESSIVE CHANGES IN THE APPEARANCE OF THE DAMAGED SURFACE 

a MATERIAL: PURE IRON 
LIQUID: SODIUM at 70Q°F 

C 

b 
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e f 
Figure 8 
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Figure 19 
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